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Abstract 
The design problem is solved considering the methodology used by [1] in the previous WDSA Battle competition. In particular, 
engineering judgment defines the entire solution process such that no optimization algorithm was utilized beyond a simple root-
finding algorithm for determining some PRV settings. Then the problem is formulated as a bi-objective optimization problem that 
maximizes the operational savings and minimizes the total capital costs - both relative to the baseline solution. Finally, the design 
is modified to remove previously selected decision variables with low incremental operational savings per unit of capital cost 
expenditures and then fine-tuned to ensure pressure and tank level constraints are exceeded by a comfortable margin (at least 5%). 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The municipality of C-Town’s water distribution network (WDN) is in desperate need of an upgrade to make it 
operate with acceptable levels of pressure and to reduce the leakage losses across the network.  The overall BWN-III 
non-linear multi-objective optimization formulation includes three objectives which are to be minimized and are 
defined as follows: 
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Minimize Annualized Operational Costs (energy + water loss)  (1) 
Minimize PRV Annualized Capital Costs   (2) 
Minimize Pump + Tank + New Pipe Annualized Capital Costs  (3) 
These objectives are mathematically defined in the BWN-III problem description.  One or more of these objectives 
are a function of the following design decisions that are considered to be decision variables in one or more design 
stages described later in this section: 
x Pipe diameters for replacement or duplication of existing pipes in the network 
x Tank capacities (diameters) 
x New pumps replacing old pumps  
x New pumps in addition to old pumps  
x Thresholds in tank level-based control rules for multiple pumps 
x Pressure reduction valve (PRV) locations and the corresponding setting for downstream pressures 
x Closing existing pipes  
All of the above decision variables are discrete decision variables except the thresholds and PRV settings are 
considered to be continuous decision variables. 
The constraints in the design problem are as follows for the nominal 168-hr extended period simulation (EPS) 
scenario: 
1) All nodes with non-zero demands must have a minimum pressure of 20 m 
2) All zero demand nodes must have a minimum pressure of 0 m 
3) Tanks must not remain empty for two or more hydraulic time steps 
4) All tank levels at time 168 hours must equal or exceed initial tank levels at time 0 hours 
2. Methodology 
The BWN-III design problem was solved using a five stage approach based on enumeration and trial-and-error 
(WDN modeller knowledge and experience).  Based on our experience in [1], the problem was approached with the 
philosophy that engineering judgement was required in order to define a more compact and tractable optimization 
model.  This first involved using judgement and trial-and-error to find a feasible baseline solution the problem since 
the initial EPANET model provided by C-Town was not feasible.  Upon identifying a feasible solution the last four 
stages involve trying to iteratively improve the solution from the previous stage. 
2.1. Guiding Problem Assumptions 
In order to reduce the design space to a somewhat manageable scale, a number of assumptions were made.  These, 
and their justification, are provided below as follows: 
1. Duplicate pipes are not considered because duplicating a pipe increases leakage in the network.  Instead pipes 
are only considered for replacement in our design procedure. 
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2. Mainline pipes connecting pumps and tanks directly are not allowed to be replaced with reduced diameter 
pipes – they can only be replaced by pipes of the same diameter as the original pipes. 
3. A closed pipe is assumed to be closed at the midpoint of the pipe length and is assumed to leak just like an 
open pipe with the only difference being a change in the average pressure in the pipe due to it being closed. 
4. PRVs are located at the most upstream end of each pipe and the pipe with a PRV installed also still leaks – it 
just leaks less due to reduced pressures. 
5. Based on problem information, the annualized capital costs for each component (pipes, PRVs, pumps and 
tanks) are assumed to be based on a common design period such that these annualized capital costs can be 
meaningfully added together.  For example, if the design period was 30 years, the annualized pump cost for a 
given pump is assumed to represent the net cost (after any salvage value for the pump) of replacing the pump 
continually over the 30 years when the pump reaches its design life.  Similarly for pipes, assuming a pipe 
design life exceeds 30 years, the annualized pipe cost for a given pipe is assumed to represent the net cost 
(after any salvage value at 30 years) of  installing a the given pipe. 
6. The inputs provided in the C-Town_Leaks_04122013.inp file correspond to the corresponding inputs in the 
calibrated hydraulic model (e.g., diameters of 101.6 mm in the *.inp file are correct even though the available 
diameters in the documentation suggest the pipe diameter should actually be 102 mm). 
7. Upon proper unit conversion and emitter coefficient calculation (as detailed in Section 2.2 below), EPANET 
provides a reasonable approximation for computing leakage in the network.  This approximation is deemed of 
sufficient quality to guide the identification of good quality plausible solutions.  The final design could be 
checked in the leakage assessment model preferred by C-Town decision-makers.   
2.2. Leakage Modelling 
The fundamental equation behind leakage modelling for C-Town is Equation (4) as follows: 
leaks
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where dkleaks is the background leakage outflow along the kth pipe in (m3/s); βk and α are leakage model parameters in 
[m2-α/sec] and [-], respectively, with values as provided in the BWN-III problem description; ௞ܲതതതis the average pressure 
in the kth pipe [m]; and Lk is the length of the kth pipe [m]. 
C-Town models/assigns the pipe leakages from Equation (4) to nodes in the network according to the following 
Equation (5) as follows:  
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where qnleaks is the background leakage assigned to occur at node n; and Anp is the network incidence matrix defining 
which pipes are connected to which nodes. 
In this study, EPANET was utilized to try and approximate the fundamental equations above.  In EPANET, leaks 
are modelled with emitters according to Equation (6) below: 
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where Qn is the background leakage outflow at the nth node [L/s] from EPANET; γn is the EPANET emitter 
coefficient [L/s/m]; ܲ݊ߙ is the pressure at the nth node; and α is a model parameter as defined above. 
Equation [5] says that for all m pipes connected to node n, the leakage for node n is correctly assigned leak 
outflows as in Equation (7): 
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Substituting Equation (4) in Equation (7) and converting to L/s gives: 
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In EPANET, only nodal pressures are available so Equation (8) is approximated by replacing ௞ܲതതതwith the nodal 
pressure for node n.  Then, setting ݍ݈݊݁ܽ݇ݏ equal to ܳ݊ from Equation (6) shows that an equivalent EPANET emitter 
coefficient [L/s/m] can be computed from Equation (9): 
3
1
10000.5
1
m
n i i
i
L
m
J E
 
§ · ¨ ¸© ¹¦   (9)
 
Our approximation to equations (4) and (5) was tested using our first feasible solution (generated according to 
procedures detailed in the next section).  Based on the average nodal pressures over the 168 hr EPS, all nodal and 
average pipe pressures were available.  Equation (9) was used to compute equivalent EPANET emitter coefficients 
and EPANET-based leakages were computed with Equation (6).  The same problem data were used to calculate 
leakages according to Equation (4).  The sum of leakages across the network for both approaches (at the nodes versus 
along the pipes) were within 0.1% of each other.  Therefore, our approximation approach was deemed acceptable to 
model leakages for the purposes of designing upgrades to the network. 
2.3. Stage 1 – Initial baseline feasible solution 
At this stage, with a leakage model implemented, the only goals were to learn about the system and find a feasible 
solution to the problem.  In the process, candidate decision variables can be identified and their relative importance 
determined.  At the end of this process, the baseline feasible solution becomes the benchmark from which all other 
solutions are measured relative to.  Decisions focused on replacing pipes, changing pumps and changing pump control 
rules.  At this stage, leakage at the tanks was modelled with a leakage node placed at the same elevation as each tank 
and then a negligible length pipe connecting that node to the tank. 
2.4. Revised optimization formulation 
Upon learning more about the problem and the system from Stage 1, a revised optimization formulation was 
identified.  This revised formulation probably would not have been possible without the careful attention to detail in 
Stage 1 and the knowledge gained by iterating towards a feasible solution.  Rather than try to approximate a three-
objective tradeoff surface (see Equations (1) through (3)) and then going through a decision-making procedure to pick 
one of the tradeoff solutions, we solved a modified bi-objective optimization formulation designed to zero in on a 
particular solution of interest.  The idea behind this was to save time and simplify the problem. 
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The problem was reformulated as a bi-objective optimization problem that maximizes the annual operational 
savings and minimizes the annualized total capital costs relative to the baseline feasible solution from Stage 1.  
Furthermore, the bi-objective tradeoff solution of most interest was deemed to be the tradeoff solution having the 
highest ratio of annual operational savings to annualized capital cost expenditures relative to the baseline feasible 
solution.  This is the point where C-Town gets the most ‘bang for their buck’.  As such, if such a solution is identified 
quickly, the entire extent of the bi-objective does not need to be accurately determined. 
2.5. Stage 2 – Refine baseline for feasibility and leakage objective 
In stage 2, the Stage 1 solution was examined for proximity to constraints and decisions that quickly and easily 
reduced operational costs and functioned to increase distance to critical constraints were identified.  Decisions focused 
on replacing pipes, changing pumps and changing pump control rules.  Capital cost was not a concern at this stage.     
2.6. Stage 3 – Define incremental ratio of objectives and focus on Pressure Reducing Valves (PRVs) across network 
Based on a careful analysis of the network, a set of approximately 40 candidate PRV locations were first identified.  
In addition, pipes were identified for closure to isolate small areas and ensure flow only went in one direction through 
a candidate PRV location.  Care was taken not to close critical redundant/looping pipes in DMA1 which was 
responsible for moving water throughout the rest of the DMAs. Initially, the assumption was made that a PRV should 
be installed on a newly replaced pipe with the minimum feasible diameter since this often functioned to reduce PRV 
costs and reduce local leakage in the pipe replaced.  All PRVs were then assessed based on their performance on new, 
often smaller diameter pipes. 
A key part of the design process at this stage was to recognize that the addition of a new pipe or a new PRV has a 
separable impact on the relative annualized total capital cost objective and in large part, could also be viewed to have 
a separable impact on the relative annual operational savings objective.  As such, the problem was viewed as if it was 
a classic operations research Knapsack-Type problem where the decision variables were effectively binary: 
 
x Replace an existing pipe with the smallest feasible diameter pipe (for the main pipes not directly connecting 
pumps and tanks) mainline? 
x Replace an existing pipe with a new pipe of the same diameter (for the main pipes directly connecting pumps and 
tanks)? 
x Place a PRV at a candidate selection set at the optimal setpoint? 
 
Viewed from this perspective, the profit-weight ratio heuristic used in [2] to approximate the tradeoff in multi-
objective Knapsack-type problems can be roughly applied to this problem.  In the Knapsack problem, the two 
objectives are to place objects with the highest profit in the knapsack and to minimize the weight of the knapsack.   In 
short, the method says to make the next binary decision variable equal to one (i.e., improve the relative annual 
operational savings objective) based on the decision variable with the largest ratio of incremental operational savings 
to incremental annualized capital costs.  Although the precise algorithm in [2] was not strictly applied, this and the 
remaining stages utilize this general idea.  For example, the order of Stage 3 binary decisions defining the placement 
of a PRV in the network was determined based on an enumeration procedure which evaluated the incremental 
operational savings to incremental additional annualized capital costs.  The same ratio was computed for pump and 
pipe changes also and results showed PRVs were by far the most cost effective (highest incremental savings per unit 
capital expenditures of all possible decision variables).  For nested PRVs, these incremental ratios had to be 
recomputed in a series of iterations for the procedure.  PRVs were added to the network until the point where the ratio 
of annual operational savings to annualized capital cost expenditures relative to the baseline feasible solution began 
to decrease. 
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2.7. Stage 4 – Re-examine previous decisions in Stages 1 and 2 based on incremental savings per unit capital costs 
After Stage 3, all PRV locations and settings were determined.  However, most of the trial-and-error based 
decisions from earlier stages were examined to determine if they were really worth it based on their incremental 
savings per unit capital expenditures.  If not, the decisions were reversed and most of these were new pipes changed 
back to old pipes.  Decisions deemed critical to achieving feasibility in Stage 1 were not reconsidered. 
2.8. Stage 5 – Evaluate solutions with very high annual operational savings 
Stage 5 functioned to generate additional approximate tradeoff solutions that have higher annual operating savings 
than previous solutions.  Although not necessary, this step yields more information for decision-makers in case they 
want to see just what is possible with regards to leak or annual operating cost reductions. 
3. Results 
The results of applying the five stages in the methodology are depicted in Fig. 1 below with a select subset of 
representative candidate solutions.  Solutions in a given Stage are built from the best solution from the previous stage.  
The most interesting observations from the Stages of results are as follows: 
x For Stage 1, no new pumps were required to attain feasibility although an upgrade to Tank 2 was (+500m3). Two 
problematic areas emerged for low pressure nodes: the nodes just before S3, S4 and the nodes leading to T4.  Pipe 
and tank costs totaled €20,973 for Stage 1 solution. 
x For Stage 2, the goal was to increase pressures at critical low pressure nodes to at least 22 m and this was achieved 
by replacing nine key pipes to reduce headloss.  Over 30 pipes were replaced at candidate PRV locations.  In 
addition, the longest pipe in the network (P102) was replaced with a new pipe with same diameter because it saved 
more than €100,000 in operational costs. 
x For Stage 3, the incremental PRVs were by far the most cost effective (highest incremental savings per unit capital 
expenditures of all possible decision variables, in the range of 14 to 625).  This is evident in the steep slope between 
Stage 3 solutions in Fig. 1.  Although a few new pipes show an incremental savings ratio close to 10, adding these 
additional new pipes beyond those already selected reduces the overall ratio of annual operational savings to 
annualized capital cost expenditures relative to the baseline feasible solution and thus were not considered.  Our 
assessments of new pumps showed incremental savings over addition cost ratios even lower than most pipes and 
thus these were not considered. PRVs were added until the overall ratio of annual operational savings to annualized 
capital cost expenditures began to decrease (27 PRVs added).   
x Particularly cost effective PRV additions were achieved when short pipes were replaced with smaller diameter 
pipes in order to save capital costs associated with a larger PRV. 
x In Stage 4, roughly half of the previously added pipes are reverted back to the original pipes – including the worst 
leaking pipe in the network (P102).   The tradeoff solution selected as the final design is Solution 1.4 as it has the 
highest ratio (19.6) of annual operational savings to annualized capital cost expenditures relative to the baseline 
feasible solution.  This solution had annual operational savings of €1,064,000 and additional annualized capital 
expenditures of €54,300 relative to the baseline. 
x The Extreme solution and Stage 5, Stage 5+ solutions are based only on replacing pipes in an order such that those 
with highest incremental savings per unit capital expenditures are selected first.  The Extreme solution replaces 
almost 200 pipes. 
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Fig. 1. Depiction of design solution evolution from Stage 1 solution (baseline feasible) to the final design solution from Stage 4 (solution 1.4) 
to the extreme operating cost saving solutions. 
 
Fig. 2 shows the locations of PRVs, closed pipes and replaced pipes.  The selected design (Solution 1.4) was closely 
examined for proximity to pressure and tank level constraints showing it was extremely close to infeasibility.  
Therefore, the solution was fine-tuned via pumping rules and PRV settings to ensure pressure and tank level 
constraints are exceeded by a comfortable margin (at least 5%) without significantly changing costs and savings. The 
precise cost objectives for the fine-tuned selected design are detailed in the conclusions. 
4. Conclusions 
The BWN-III design problem final design yields 1) annualized capital costs associated with pipes, pumps and 
tanks, totaling €64,542; 2) annualized capital costs for 27 pressure control valves totaling €10,707; 3) annual 
operational costs associated with pump operations and background leakages totaling €2,911,161 of which more than 
90% is due to water losses. Engineering judgment defines the entire solution process such that no optimization 
algorithm was utilized beyond a simple root-finding algorithm for some PRV settings. A background leakage 
modelling methodology in EPANET was adopted for approximating the leak assessment methodology provided by 
competition organizers and the method is shown to very closely approximate total network leakage (within 0.1%).   
The final design was identified based on the approximation of the bi-objective optimization problem that maximizes 
the operational savings and minimizes the additional total capital costs - both relative to an initial feasible baseline 
solution.  Engineering judgment is heavily relied upon to identify candidate and then priority decision variables (i.e., 
PRV valve configurations) and those decision variable values showing the highest incremental operational savings 
per unit of capital cost expenditures over the baseline solution were added in order from highest to lowest to the 
evolving design solution. Finally, the design is modified to remove previously selected decision variables with low 
incremental operational savings per unit of capital cost expenditures and then fine-tuned to ensure pressure and tank 
level constraints are exceeded by a comfortable margin (at least 5%).  The tradeoff solution selected as the final design 
is the one having the highest ratio (19.6) of annual operational savings to annualized capital cost expenditures relative 
to the baseline feasible solution. This solution had annual operational savings of €1,064,000 and additional annualized 
capital expenditures of €54,300 relative to the baseline.   
Capital expenditures were made up of only €10,700 in PRV costs, €14,000 in new tank costs and €50,500 in new 
pipe costs.  Tank 2 was the only tank increased and was deemed necessary to generate the baseline feasible solution. 
Roughly half of new pipe costs were associated with new pipes to reduce head loss in order to overcome low pressures 
at critical nodes (and thus define the baseline feasible solution) and the other half was associated with replacing pipes 
before a PRV is installed (in order to save on PRV installation charges).  PRVs were by far the most cost effective 
(highest incremental savings per unit capital expenditures of all possible decision variables) design choice.  If C-Town 
decision-makers would prefer higher operational savings (lower operational costs), they can consider some of the 
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candidate non-dominated solutions in Fig. 1.  These other candidate solutions still have higher annual operational 
savings than the annualized capital cost expenditures (relative to baseline). 
 
 
 
 
Fig. 2. (a) Final design highlighting PRV locations, pump configuration and new (replaced) pipes (in red) ; (b) Final design highlighting pipes 
closed for the entire EPS (in red) - ignore red coloured pumps 
b) 
a) 
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Although the above solution procedure to this design problem could have been augmented by a formal optimization 
approach/algorithm, we believe it would at best modestly increase the overall ratio of annual operational savings to 
annualized capital cost expenditures (both relative to baseline solution) over the value of 19.6 for the final design.  At 
worst, depending on the computational budget, simultaneously including hundreds pipes, dozens of PRV locations, a 
dozen or so pump control rule thresholds plus new tank and new pump decision variables could produce a severely 
degraded solution in comparison with our selected design.   
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